Abstract: Mayapple rust is a common, disfiguring disease that is widespread in temperate eastern North America wherever the host, Podophyllum peltatum, occurs. Puccinia podophylli, the etiological agent of this rust, has been shown to be distantly related to both Puccinia and Uromyces as exemplified by their types. A systematic study was made to determine the generic classification of P. podophylli. Phylogenetic analyses of two rDNA loci from multiple specimens support the recognition of this taxon as a separate genus of Pucciniaceae. Based on historical literature and type material, P. podophylli was found to represent the type of the forgotten genus Allodus and it is correctly named Allodus podophylli. A neotype is designated for Puccinia podophylli Schwein. (; Allodus podophylli) and a lectotype is designated for Aecidium podophylli.
INTRODUCTION
The fungus that causes mayapple rust, known as Puccinia podophylli, is widespread (Farr and Rossman 2011) and well known in eastern parts of Canada and the United States. This species is easily recognized in the field (FIG. 1) , and several works have provided excellent descriptive accounts (e.g. Arthur 1921 Arthur , 1934 Parmelee and de Carteret 1984) .
Recent progress toward an understanding of the phylogeny of rust fungi has shown that parts of the current classification of rusts are artificial (Aime 2006) . The two largest genera, Puccinia Pers. and Uromyces (Link) Unger (Cummins and Hiratsuka 2003) , have proven to be especially problematic in this regard because these two genera do not consist of discrete, well defined clades as presently circumscribed (e.g. Aime 2006 , Merwe et al. 2007 , Zuluaga et al. 2011 ). Cummins and Hiratsuka (2003) recognized that the generic circumscription for these most likely delimited artificial groups, but they nonetheless advocated the separation of Puccinia and Uromyces based on morphology of the teliospores due to convenience and historical reasons. Even with a better understanding of rust phylogeny, not much has changed for these genera in current taxonomic practice because no one has produced a phylogenybased classification for Puccinia and Uromyces that addresses the problem of artificial groups.
Puccinia podophylli is distantly related to the large clades containing most species of Puccinia and Uromyces (Aime 2006 , Zuluaga et al. 2011 . These large clades include the type species of these genera, P. graminis Pers. and U. appendiculatus F. Strauss (Merwe et al. 2007 ). Thus, this study was conducted to determine the generic placement of P. podophylli. It included examination of type specimens and a phylogenetic analysis of 56 rust taxa using two nuclear rDNA loci. Based on the results, it appears that Allodus is an appropriate genus for this species that is now accepted as Allodus podophylli.
MATERIALS AND METHODS
Taxon sampling.-New specimens were collected, dried in a plant press and deposited at the U.S. National Fungus Collections (BPI). Additional historical material that was studied is housed at BPI. Herbarium acronyms are those of Thiers (2011) .
Morphology.-Microscopic characters were observed by light microscopy. Herbarium materials were rehydrated and viewed in 3% KOH. Whenever possible, a minimum of 20 structures per collection were measured.
DNA extraction, amplification and sequencing.-DNA was extracted according to the protocol outlined by Aime (2006) using the UltraClean Plant DNA Isolation Kit (MoBio Laboratories, Solana Beach, California). Portions of the ITS2 and LSU rDNA region were amplified with Rust2inv/LR6 (Aime 2006, Vilgalys and Hester 1990) . Unpurified PCR product was sent to Beckman Coulter sequencing (Danvers, California) and sequenced with the same primers used for amplification. Sequence data were deposited in GenBank (TABLE I) .
Phylogenetic analyses.-Sequence alignment and editing was undertaken in the MEGA software package (Kumar et al. 2008 ) using the MUSCLE algorithm (Edgar 2004) . The nucleotide alignments were deposited as Nexus files in TreeBASE (S12008). The final dataset consisted of 56 rust taxa with Helicobasidium purpureum (Helicobasidiales) and Eocronartium musicola (Platygloeales) selected as outgroups because these have been shown to be the sister groups of the rusts . Rust taxa were selected to represent every major lineage within the Pucciniales recovered in phylogenetic analyses (e.g. Aime 2006 , Dixon et al. 2010 . The supermatrix consisted of 3010 characters, including LSU sequences for all taxa (1303 nucleotides) and SSU sequences for 45 of the taxa (1706 nucleotides) (TABLE I) .
RAxML (Stamatakis 2006 ) was used to search for the bestscoring likelihood tree with a rapid bootstrap analysis (command -f a). The model of evolution specified was GTRMIX, which uses an accelerated algorithm to calculate maximum likelihood bootstrap values and uses a GTRGAMMA model of evolution to calculate the final tree topology (Stamatakis et al. 2008) . The analyses were run with a random starting tree and with 1000 maximum likelihood bootstrap replicates.
A parsimony analysis was implemented with PAUP* 4.0b10 (Swofford 2000) using a heuristic search with 1000 random additions and TBR branch swapping. Bootstrap support was determined with 500 replicates using a heuristic search and TBR branch swapping, with the MAXTREES option set at 5000.
RESULTS
Data matrix and phylogenetic analysis.-The four sequenced isolates of Puccinia podophylli had identical sequences in the ITS2-LSU region. Phylogenetic analyses of the combined LSU and SSU data using maximum likelihood and parsimony criteria consistently recovered a strongly supported Pucciniaceae, consisting of three major clades (FIG. 2) , a result similarly recovered by Dixon et al. (2010) Teliospores 37-59 3 16-27 mm, non-catenulate, ellipsoid to clavate, obtuse at apices, obtuse or tapering below at bases, one-septate, walls with or without slight constriction at septa, dark brown, with scattered spines, spines straight to curved, up to 7.5 mm long and widest at bases, walls 1-2 mm thick, pores not visible, pedicels at times persistent, terete, fragile, readily collapsing, hyaline, walls smooth, up to 9.5 mm long.
Study of Aecidium podophylli (designated lectotype):
Leaf spots scattered to gregarious, at times becoming confluent, typically more or less circular to elongate-elliptical, yellow, 5-10 mm diam. Spermogonia epiphyllous on leaf spots, scattered to gregarious, subepidermal and scarcely visible as small raised warts, honey yellow. Aecia hypophyllous, scattered to gregarious, subepidermal, erumpent to ellipsoid or somewhat irregularly angular, contents hyaline in aged collections, walls hyaline, smooth becoming slightly verrucose, approx. 1 mm thick, pores conspicuous, typically with five per aeciospore. Uredinia and telia absent.
Notes.-We were unable to locate any original material of Puccinia podophylli Schwein. This included a search of the Schweinitz herbarium at the Academy of Sciences (PH). Arthur and Bisby (1918) also did not note any existing original material. Hence, we designate a neotype associated with DNA sequence data. Original material of Aecidium podophylli was found in the Michener Collection at BPI. The Michener label included an abbreviated and indirect reference to Synopsis Fungorum (Schweinitz 1822) with the name Aecidum podophyllatum and the confusing locality Salem-Beth. See Arthur and Bisby (1918) for clarification on Schweinitz's collections that have localities added to the original specimen and label of where a fungus was later collected. This material did not include telia. Herein, we designate this specimen as the lectotype of Aecidium podophylli. Although the protolog of Aecidium podophylli (Schweinitz 1822) described the aecial state of the life cycle, the spores were described as having two cells. Schweinitz (1832) admitted to this error. Considerable nomenclatural and taxonomic confusion has resulted from the works of other authors who attempted to deal with Schweinitz's error and interpret how many fungi may occur on Podophyllum. The designated neotype and lectotype represent the same rust species.
DISCUSSION
Allodus podophylli is phylogenetically distinct from the Pucciniaceae sensu stricto including Puccinia and Uromyces (FIG. 2) . Dicaeoma Gray, typified by D. persicariae Gray (5Puccinia polygoni-amphibii Pers., ; D. polygoni-amphibii [Pers.] Arthur) (Sydow 1922) , is the only other teleomorphic genus in which the mayapple rust has been classified, but it is not an appropriate generic name for this species because the type species of Dicaeoma is part of the Pucciniaceae sensu stricto (Maier et al. 2007 ). Allodus was erected by Arthur (1906) as a genus with these characters: subepidermal spermogonia, aecia and telia; pigmented and two-celled teliospores, aecia with peridia, uredinia lacking, and autoecious (Arthur 1906 (Arthur , 1921 . The type species of Allodus is A. podophylli (Arthur 1906 ). Arthur did not place as much emphasis on missing life cycle stages in later works and considered Allodus to be a synonym of Puccinia (Arthur 1934, Cummins and Hiratsuka 1983) , given the shared diagnostic characters of two-celled, pedicellate, teliospores and Group V (type 4) spermogonia. Our study highlights the homoplasious morphology of these characters in rust fungi and the taxonomic challenges to be faced in developing a systematic classification for members of the Pucciniaceae sensu lato.
It is unknown whether other species that have been classified in Allodus will form a monophyletic group or whether any of the other 41 names that at one time have been applied in Allodus (Index Fungorum, http://www.indexfungorum.org/) are congeneric with A. podophylli. Allodus podophylli has been an intriguing fungus to rust scholars due to its unusual life history, which was discussed in detail by Whetzel et al. (1925) and Jackson (1931) , and it appears to be a frequent host of mycophagous fly larvae in the genus Mycodiplosis (Henk et al. 2011) . The autodemicyclic life cycle wherein aeciospores cause infections that give rise to telia without a uredinial stage or host alternation seem to distinguish Allodus from the majority of Puccinia species and may prove to be diagnostic for the genus.
